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Abstract
Macroscopic nuggets of quark matter were proposed several decades ago as a candidate
for dark matter. The formation of these objects in the early universe requires the QCD
phase transition to be first order — a requirement that is not satisfied in the Standard
Model where lattice simulations reveal a continuous crossover instead. In this article we
point out that new physics may supercool the electroweak phase transition to below the
QCD scale, and the QCD phase transition with six massless quarks becomes first-order.
As a result, the quark nuggets composed of six-flavor quark matter (6FQM) may survive as
a viable dark matter candidate. The size of a 6FQM nugget is estimated to be around 1010
grams in mass and 10−2 cm in radius. The calculated relic abundance of 6FQM nuggets is
comparable to the observed dark matter energy density; therefore, this scenario provides a
compelling explanation for the coincident energy densities of dark and baryonic matter. We
have explored various potential signatures — including a gravitational wave background,
gravitational lensing, and transient photon emission from collisions with compact stars
and other nuggets — and demonstrated that the favored region of parameter space is still
allowed by current constraints while discovery of 6FQM nugget dark matter may require
new experimental probes.
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1 Introduction
Although the presence of dark matter in our Universe is now firmly established, the nature of
dark matter remains a complete mystery. It has long been known that none of the Standard
Model (SM) elementary particles make viable candidates for cold dark matter, since all of the
stable particles are either not cold (neutrinos), or not “dark” (electron, proton, nuclei, atoms),
or not matter (photons). This observation fuels the argument that new physics — beyond the
Standard Model — is required to explain our Universe. In the vast majority of dark matter
models, the new physics introduces a neutral, stable and weakly-interacting particle to serve as
a dark matter candidate. Given the current null results from direct detection, indirect detection
and collider-based searches for elementary dark matter particles, it is an opportune time to
consider that dark matter may have a totally different nature than what is usually assumed and
that the detection of dark matter may require entirely different measurements. One possibility
is that dark matter is a macroscopic state made of only SM particles and fields, and the role
of new physics is to provide a formation mechanism in the early universe. Perhaps the most
familiar examples of macroscopic SM dark matter candidates are primordial black holes [1],
although they are unlikely to account for all of the dark matter in light of various, stringent
observational constraints [2]. In this paper, we are exploring another macroscopic dark matter
candidate — quark nuggets [3].
The quark nugget is an exotic, macroscopic object composed of u, d, and s quarks that was
proposed by Witten in Ref. [3], where he also suggested that quark nuggets could provide a
natural dark matter candidate. Witten argued that a first order quark-hadron phase transition
in the early universe could concentrate baryon number into localized regions that survive in the
universe today as quark nuggets. The quark matter that makes up a nugget has a lower energy
per baryon than a free proton or iron nucleus, implying that quark nuggets are the energetically
stable “ground states” of quantum chromodynamics (QCD). The estimated number of baryons
inside a quark nugget is astronomically large; typical masses reach 109 − 1018 grams, and with
a nuclear-scale energy density, ∼ 1015 g/cm3, the nugget radius is approximately 10−2 − 10 cm.
Therefore, Witten’s nuggets of quark matter provide a macroscopic dark matter candidate,
which is reminiscent of a micro-neutron star, with a variety of interesting phenomenology and
unique signatures [4–23].
One of the key assumptions in Witten’s argument is that the QCD phase transition is a
first-order one. Unfortunately, numerical lattice studies [24] have demonstrated that the SM
quark-hadron transition is a continuous crossover rather than a first order phase transition,
implying that SM physics alone is unable to form quark nuggets in the early universe. In this
article we explore the idea that new physics can affect the order of the QCD phase transition
and resuscitate quark nugget dark matter.
For a QCD-like gauge theory, it is well known [25, 26] that the phase transition would be
first order if the number of light quarks below the confinement scale, Nf , were greater than or
equal to Nc = 3. (This is not the case in the SM, because of the medium-heavy strange quark
mass.) Clearly the SM cannot be extended to include new light quarks, which would lead to
new, undiscovered hadron states and affect the running of the strong coupling. However, the SM
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contains a total of six quark flavors, and although half of them are heavy today (mc,b,t > ΛQCD),
it is possible that their masses in the early universe could have been very different. If at least
three quark flavors are massless at the QCD epoch, the QCD phase transition is expected to be
a first-order one, and Witten’s argument — with some modifications that we discuss — implies
the formation of quark nuggets.
There may exist many scenarios in which the quarks are massless at the QCD epoch. For
instance, some quarks may have their masses proportional to the vacuum expectation value
(VEV) of a flavon field, which only reaches the minimum of its potential much later. However,
our primary interest here is with another possibility; namely, that electroweak symmetry break-
ing is delayed until the QCD epoch due to the influence of some new physics [27–32] (see also
Ref. [33]). Then all six flavors of SM quarks are massless during the QCD phase transition,
which is expected to be first order, leading to the formation of quark nuggets that contain all
six quark flavors.
In this article we argue that a supercooled electroweak phase transition can trigger a first
order quark-hadron transition, which results in the formation of nuggets containing six-flavor
quark matter (6FQM). We consider 6FQM nuggets as a dark matter candidate. One should take
care to distinguish our work from Refs. [34–36], in which it is proposed that the dark matter is
a 6-quark hadron (sexaquark) with quark content uuddss. An alternative idea for generating
quark nuggets with the aide of an axion field has been proposed in Ref. [37] and explored further
in Refs. [38–41].
The remainder of this article is organized as follows. In Sec. 2 we invite the reader to consider
a phase of SM matter, which we call six-flavor quark matter, that has a vanishing Higgs VEV,
vanishing QCD condensates, six flavors of massless quarks, and nonzero baryon and lepton
numbers. In Sec. 3 we explain how nuggets of six-flavor quark matter could have been formed
in the early universe, and in Sec. 4 we argue that they are cosmologically stable. We discuss
various phenomenological implications and observational signatures of these quark nuggets in
Sec. 5, and we conclude the article in Sec. 6.
2 Six Flavor Quark Matter
Many-body systems at finite temperature and density can exhibit a rich phase structure. Here
we are interested in a particular phase of the Standard Model particles that arises when 1) the
expectation value of the Higgs field vanishes, 2) the quark and gluon condensates vanish, 3) the
baryon and lepton numbers are nonzero, 4) the gauge charges are zero, and 5) the temperature is
low. This phase shares similar properties to Witten’s quark matter phase [3], but since the Higgs
field vanishes and all six quarks species are massless, we refer to our phase as six-flavor quark
matter (6FQM). The assumption of a vanishing Higgs vacuum expectation value is reminiscent
of the Gedanken world studied in Ref. [33]. However, we will argue in Sec. 3 that 6FQM it not
merely hypothetical, but rather this exotic phase may exist in localized regions of our Universe.
In the phase of six-flavor quark matter, the electroweak symmetry is unbroken and color is not
confined. Thus we enumerate the SM particles as multiplets under the SU(3)c×SU(2)L×U(1)Y
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gauge symmetry and the U(1)B × U(1)L1 × U(1)L2 × U(1)L3 global symmetry:
SU(3)c SU(2)L U(1)Y U(1)B U(1)L1 U(1)L2 U(1)L3
qiL 3 2 1/6 1/3 0 0 0
uiR 3 1 2/3 1/3 0 0 0
diR 3 1 −1/3 1/3 0 0 0
liL 1 2 −1/2 0 δi1 δi2 δi3
eiR 1 1 −1 0 δi1 δi2 δi3
Φ 1 2 1/2 0 0 0 0
G 8 1 0 0 0 0 0
W 1 3 0 0 0 0 0
Y 1 1 0 0 0 0 0
. (2.1)
Antiparticles to the fermions and Higgs bosons are denoted with a bar (not shown). Gauge
indices are suppressed, and the flavor index i ∈ {1, 2, 3} labels the generation. One can extend
the Standard Model to explain neutrino masses and the phenomenon of neutrino flavor oscilla-
tions, and the rest of our analysis is unchanged as long as the new interactions do not come into
chemical equilibrium at T . 1 GeV.1
The Standard Model particles scatter though gauge, Yukawa and sphaleron interactions:2
interaction reaction
strong gauge x+ x¯←→ G, 2G, · · · for x ∈ {qiL, ujR, dkR}
weak gauge x+ x¯←→ W, 2W, · · · for x ∈ {qiL, ljL}
hypercharge x+ x¯←→ Y, 2Y, · · · for x ∈ {qiL, uiR, diR, liL, eiR,Φ}
up-type quark Yukawa qiL + u¯
j
R ←→ Φ¯
down-type quark Yukawa qiL + d¯
i
R ←→ Φ
charged-lepton Yukawa liL + e¯
i
R ←→ Φ
weak sphaleron
∑
i
(
qiL + q
i
L + q
i
L + l
i
L
)←→ 0
strong sphaleron
∑
i
(
qiL + q
i
L + u¯
i
R + d¯
i
R
)←→ 0
, (2.2)
where color and weak isospin indices are suppressed. Note that the gauge interactions may
involve a single gauge boson or several.
Inspecting the reactions in Eq. (2.2) reveals that there are three conserved global charges:
B/3−Li for i ∈ {1, 2, 3} where B is baryon number and Li is lepton number of the ith generation.
1If the neutrinos are Dirac particles that acquire their masses from a tiny Yukawa coupling, yν ∼ mν/vEW ∼
10−12, then the Yukawa interaction does not come into equilibrium at any time. If the neutrinos are Majorana
particles that acquire their masses from the seesaw mechanism, then the lepton-number-violating interactions
are out of equilibrium at temperatures below T ∼ Λ2/Mpl ∼ 1010 GeV where Λ−1 ∼ mν/v2EW is the coefficient of
the dimension-5 Weinberg operator.
2Recall that for massless fermions, we can work in a flavor basis where the gauge interactions, the down-type
quark Yukawa interactions, and the electron Yukawa interactions are flavor diagonal, but the up-type quark
Yukawa interactions are flavor changing. Thermal effects will lift the fermion masses and select a preferred basis.
The universal gauge interactions lead to a degenerate spectrum, but the Yukawa interactions lead to a splitting.
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(The gauge charges are also conserved and assumed to vanish.) We are interested in a system
with nonzero values for the corresponding conserved charge densities, nB/3−Li . As this system
cools to a critical temperature where T 3 ∼ nB/3−Li , the fermions form a degenerate Fermi gas.
This is the phase of six-flavor quark matter.
In following analysis we will assume that the Higgs bosons in the electroweak-unbroken
phase acquire a (small) mass, mΦ ∼ 1 − 10 GeV. This implies a convex effective potential,
V ′′eff(h = 0) = m
2
Φ > 0, that helps to stabilize the electroweak-unbroken phase and leads to the
desired supercooling of the electroweak phase transition; see also Sec. 3.4. When the system
cools to a temperature, T < mΦ, the three-body Yukawa interactions in Eq. (2.2) go out of
equilibrium, because reactions producing an on-shell Higgs boson are Boltzmann suppressed.
The Higgs and anti-Higgs bosons in the system decay to quark and lepton pairs, which transfers
any particle-antiparticle asymmetry carried by these species to the fermions. Thus, to describe
the system at low temperatures (T < mΦ) we require only the two-to-two Yukawa interactions
mediated by an off-shell Higgs boson.
Now we seek to determine the flavor content of six-flavor quark matter and to calculate its en-
ergy density. For each particle species we assign a chemical potential: µqiL , µuiR , µdiR , · · · , µW , µY .
In principle one can construct a system of Boltzmann equations, and solve for the evolution of
the various chemical potentials as the quark matter phase cools. However, all of the reac-
tions are in equilibrium3 at T ∼ ΛQCD in the quark matter phase. Since the gauge interac-
tions are in equilibrium, the matter particles related by CP-conjugation have opposite chemical
potentials, µx¯ = −µx, and the self-adjoint gauge bosons have vanishing chemical potentials,
µG = µW = µY = 0. This leaves the fifteen variables: {µqiL , µuiR , µdiR , µliL , µeiR}. From the
equilibrium reactions we infer a system of chemical equilibrium conditions, which are solved by
µq1L = µq2L = µq3L ≡ µqL , (2.3a)
µu1R = µu2R = µu3R ≡ µuR , (2.3b)
µd1R = µd2R = µd3R ≡ µdR = 2µqL − µuR , (2.3c)
µl1L + µl2L + µl3L + 9µqL = 0 , (2.3d)
µl1L − µe1R = µl2L − µe2R = µl3L − µe3R = µuR − µqL . (2.3e)
The chemical potential µΦ is absent, because we have assumed T < mΦ and the Higgs boson
abundance is Boltzmann suppressed.
Once the system has cooled to T  µ, it can be described as a degenerate Fermi gas. Then
the number density of f -number (i.e., the number density of f minus the number density of
f¯) is given by nf = gf µ
3
f/(6pi
2) for a species with chemical potential µf and where gf counts
the internal degrees of freedom (gqiL = 6, guiR = gdiR = 3, gliL = 2, geiR = 1). The density of
3We only require that the reactions remain in equilibrium at the temperatures when the quark matter is
forming. If the QCD phase transition occurs at T ∼ 100 MeV, then it is reasonable to expect that the quark
matter formation is completed by T ∼ 1 MeV. Specifically, we assume that the non-perturbative sphaleron
reactions remain in equilibrium at these temperatures, since the system is in the electroweak-unbroken phase [42].
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hypercharge and the three conserved global charges are written as
nY =
∑
i=1,2,3
(1
6
nqiL +
2
3
nuiR −
1
3
ndiR −
1
2
nliL − neiR
)
, (2.4a)
nB/3−Li =
1
3
∑
j=1,2,3
(1
3
nqjL
+
1
3
nujR
+
1
3
ndjR
)
−
(
nliL + neiR
)
. (2.4b)
We are interested in charge-neutral systems, and we now set nY = 0. Moreover, we simplify by
taking nB/3−Li = nB−L/3, which assumes that the B−L asymmetry is uniformly distributed across
the three generations. Now we can solve the equilibrium conditions (2.3) with the conservation
laws (2.4) to express all fifteen chemical potentials in terms of just nB−L. Doing so gives
µqiL = µ , µuiR = −µ , µdiR = 3µ , µliL = −3µ , and µeiR = −µ , (2.5)
where
nB =
14µ3
pi2
, nL = −55µ
3
2pi2
, and nB−L =
83µ3
2pi2
. (2.6)
The nonzero value of µ is a consequence of the nonzero B− L charge in the quark matter.
Until this point we have imagined a system with fixed nB−L that is externally predetermined,
but now we must consider how the quark matter phase arises in a cosmological environment. As
we will discuss further in Sec. 3, the quark matter is expected to form if the cosmological quark-
hadron phase transition is a first-order one. After the transition, the universe is predominantly
filled by the hadronic phase with some pockets of quark matter phase. In this setting the number
density nB−L changes as the volume of the quark matter phase shrinks. The system approaches
an equilibrium where the degeneracy pressure in the quark matter phase balances the vacuum
pressure in the hadronic phase. At this point, we say that the pocket of quark matter phase has
formed a quark nugget. We now determine the value of µ at the pressure equilibrium.
The pressure difference at the phase boundary is given by
∆P =
∑
i=1,2,3
(
PqiL + PuiR + PdiR + PliL + PeiR
)
−B , (2.7)
where Pf = gfµ
4
f/(24pi
2) is the degeneracy pressure arising from massless species f in the quark
matter phase, and we assume that the pressure arising from particles in the hadronic phase is
negligible. The parameter B > 0 is the differential vacuum pressure arising from the quark and
Higgs condensates that are present in the hadronic phase, but absent in the quark matter phase.
In the MIT bag model for hadrons, the variable B is known as the bag parameter, and it takes
a value B ' (150 MeV)4. (For more discussion of B see Sec. 4.) By imposing ∆P = 0 we find
the equilibrium value of nB−L. The solution with a positive µ (equivalently, positive nB) has
µ =
(
8pi2B
415
)1/4
' 0.66B1/4, nB ' 0.41B3/4, nL ' −0.80B3/4, nB−L ' 1.21B3/4 . (2.8)
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Figure 1: The flavor content of 6FQM that we calculated in Sec. 2 and of 3FQM that was worked
out in Ref. [43]. The charge densities, denoted by nf , equal the number density of particles f
minus the density of CP-conjugate antiparticles f¯ . For quark densities, there is an implicit sum
over colors. In reproducing the 3FQM calculation, we have taken the strange quark mass to be
ms ' 96 MeV, and therefore charge neutrality is obtained with approximately equal abundances
of u, d, and s quarks and a negligible density of electrons. For 3FQM the differential vacuum
pressure takes a value of roughly B ' (150 MeV)4, and we expect B to be comparable for 6FQM
(see Sec. 4).
Finally let us calculate the energy-per-baryon, which is important for us to understand the
mass and the stability of quark nuggets. The energy density in the quark matter phase is
ρ =
∑
i=1,2,3
(
ρqiL + ρuiR + ρdiR + ρliL + ρeiR
)
+B , (2.9)
where ρf = gf µ
4
f/(8pi
2) is the energy density carried by species f . When µ reaches its equilibrium
value in Eq. (2.8) we have
ρ = 4B . (2.10)
Taking the ratio of ρ from Eq. (2.10) and nB from Eq. (2.8) we obtain
ρ
nB
' 9.8B1/4 . (2.11)
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Additionally, if we know that the quark nugget carries NB units of baryon number, then we
determine its total energy to be
Mqn =
ρ
nB
NB ' 9.8B1/4NB , (2.12)
which is effectively the mass of the quark nugget. As we will see in Sec. 3.2, the typical mass is
Mqn ∼ 1010 g for NB ∼ 1034.
Broadly speaking the properties of six-flavor quark matter are quite similar to those for
Witten’s three-flavor quark matter (3FQM). In both systems the differential vacuum pressure,
B, sets the scale for the charge densities. However, the flavor composition is markedly different
between 3FQM and 6FQM. We highlight this point in Fig. 1, which summaries the results of
this section and contrasts the properties of 3FQM and 6FQM.
In this section we have described a phase of QCD that exists at zero temperature, but
nevertheless color is not confined [3]. At first glance this seems to be a contradiction, but it is
useful to remember that the quark matter is a degenerate Fermi gas at finite density. It is the
Fermi momentum, pF ∼ µ, that sets the typical momentum transfer when two quarks scatter,
and pF may be larger than the confinement scale even if the temperature is low. Additionally,
in this finite-density system we cannot directly apply the usual calculation of the confinement
scale, which asks at what energy scale does the running of the strong coupling diverge.
3 Production in the Early Universe
In this section we discuss how nuggets of 6FQM could be formed in the early universe during
the quark-hadron phase transition. Since the expectation value of the Higgs field is zero in the
6FQM phase, the cosmological creation of 6FQM requires the electroweak phase transition to
be supercooled below the temperature of the quark-hadron transition, which will be assumed to
be true in this section.
3.1 Overview
In this section we briefly review the dynamics of the quark-hadron phase transition in our
scenario, and discuss the formation of the quark nuggets. Additional details are provided in the
following sections. The important events are illustrated in Fig. 2 and enumerated as follows:
1. The cosmological plasma is initially hotter than T ∼ 100 GeV, and neither the Higgs nor
the chiral quark condensate have formed: 〈Φ〉 = 0 and 〈q¯q〉 = 0. Baryogenesis has already
taken place, and the cosmological plasma has an excess of matter over antimatter.
2. The presence of new physics in the Higgs sector supercools the electroweak phase transition
to a temperature TQCD ∼ 100 MeV. During the period of supercooling, the plasma contains
six flavors of massless quarks and leptons, as well as QCD and electroweak gauge bosons.
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3. As the plasma temperature reaches TQCD ∼ 100 MeV, bubbles of hadronic phase begin to
nucleate. In the hadronic phase, the quark condensate takes on a nonzero value, 〈q¯q〉∣∣
TQCD
∼
Λ3QCD. The quark condensate induces a tadpole term in the Higgs potential, and the Higgs
condensate develops a nonzero value |〈Φ〉| ∼ vQCD in the hadronic phase.
4. The bubbles of hadronic phase grow due to the pressure difference across the phase bound-
ary, which is controlled by the differential vacuum pressure, ∆P = B. Particles in the
plasma scatter from the expanding bubble walls, and the baryon number in the two phases
becomes unequal. The scattering induces a drag force on the bubble walls, and the bubbles
expand slowly, preceded by a shock front.
5. The bubbles of hadronic phase collide with one another and coalesce. Near the end of
the phase transition, the hadronic phase fills most of the Hubble volume, leaving isolated
regions of quark phase with 〈Φ〉 = 0 and 〈q¯q〉 = 0 that will become the quark nuggets.
6. After the electroweak phase transition is completed, the latent heat of the phase transition
will be transferred to the plasma. The plasma can reheat to a temperature as high as
Trh ∼ V 1/40 where V0 is the characteristic vacuum energy difference of the metastable
vacuum with 〈Φ〉 ∼ vQCD and 〈Φ〉 ∼ vEW. If Trh & TQCD, then the quark condensate is
“melted,” and the pockets of quark phase are destroyed. To prevent this from happening,
it is necessary that V0 . (100 MeV)4 is not too large.
7. We assume that the quark matter regions maintain thermal equilibrium with the ambient
plasma. As these regions cool, their pressure drops and they shrink. Eventually the
thermal pressure becomes negligible, and the pockets of quark matter, now known as
quark nuggets, are supported by Fermi degeneracy pressure due to their baryon number.
8. Particles scatter from the quark nuggets, which deposits heat and tends to evaporate them.
Sufficiently large nuggets can be (meta-)stable enough to survive until today.
9. Quark nuggets surviving in the universe today provide a candidate for dark matter.
3.2 Size and mass estimates
Let us estimate the size and mass of the relic quark nuggets. It is useful to recall that the
quark nuggets formed at the QCD epoch (t = tQCD) when the temperature of the primordial
plasma was roughy TQCD ≈ 130 MeV. If the electroweak phase transition is delayed, as we
discussed in Sec. 3.1, then the plasma consists of g∗ ' 106.75 effective degrees of freedom.
Assuming that the universe is radiation dominated, the Hubble parameter, HQCD, is given by
3M2plH
2
QCD = (pi
2/30)g∗T 4QCD where Mpl ' 2.43 × 1018 GeV is the reduced Planck mass. The
Hubble time is given by tQCD = 1/(2HQCD), and the Hubble radius (particle horizon) is given by
dQCD = 1/HQCD. Numerically we estimate,
HQCD '
(
24 peV
)
g
1/2
106 T
2
130 , tQCD ' (14µsec) g−1/2106 T−2130 , dQCD ' (8.3 km) g−1/2106 T−2130 , (3.1)
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Figure 2: A cartoon illustrating the cosmological dynamics leading to the formation of nuggets
of six-flavor quark matter. A first-order QCD phase transition causes the baryon number to
accumulate into pockets of quark gluon plasma, which eventually cool to form 6FQM nuggets.
where peV ≡ 10−12 eV, g106 ≡ g∗/106.75 and T130 ≡ TQCD/130 MeV.
Consider first the expanding bubbles of hadronic phase that nucleate and grow during the
first-order QCD phase transition. The dynamics of these bubbles and their interactions with
the plasma have been studied extensively by Refs. [44, 45]. The bubble walls are preceded by
a shock front that expands with a speed vsh. At the time when the shock fronts collide, the
hadronic phase bubbles have a typical radius given by Ri ≈ tgrow vsh where tgrow is the amount
of time elapsed between bubble nucleation and bubble collision. This time depends on the rate
of bubble nucleation, and the latent heat of the phase transition. The bubble growing time is
estimated to be [45]
tgrow ≈ 3
2L
√
w0
16L
√
ξ − 1
4 ξ − 1 tQCD , (3.2)
where p0 and w0 are related to the bubble nucleation probability, L = log[T
4
c t
4
H p0 v
3
sh] is related
to the fraction of space filled by the shock fronts, and ξ = Pq/Ph is the ratio of the particle-
induced pressures in the quark and hadronic phases. Using the results of Ref. [45] we estimate
Ri '
(
20 cm
)( L
168
)−3/2 (w0
1
)1/2 ( g∗
106.75
)−1/2( TQCD
130 MeV
)−2(
vsh
1/
√
3
)
, (3.3)
and we have taken ξ = 1.9 based on the calculation in Sec. 3.5. After the hadronic-phase
bubbles collide, the quark phase contains isolated regions that form their own “bubbles” with a
characteristic radius of Ri. It is challenging to robustly estimate the rate of bubble nucleation
and to model the bubble’s interaction with the plasma, and therefore the estimates that lead
to Eq. (3.3) represents one of the largest sources of uncertainty in our calculation; it is possible
that Ri could be larger or smaller by an order of magnitude.
Next we estimate the total baryon number inside of the quark nuggets. At the QCD epoch the
cosmological density of baryon number is nB = YBs where YB ' 10−10 is the baryon asymmetry,
11
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Figure 3: The mass and radius of a nugget of 6FQM, given by Eqs. (3.5) and (3.6), for various
values of its total baryon number (shown in red).
and s = (2pi2/45)g∗ST 3 is the entropy density. Let n
(q)
B be the density of baryon number in
the pockets of quark phase. Thus the total baryon number inside a pocket of quark phase is
NB = n
(q)
B (4pi/3)R
3
i , which evaluates to
NB '
(
6× 1033)(n(q)B
YBs
)(
YB
10−10
)( g∗S
106.75
)( TQCD
130 MeV
)3(
Ri
10 cm
)3
. (3.4)
Note that an O(10) uncertainty in Ri becomes an O(10
3) uncertainty in NB.
The nugget of degenerate quark matter is formed once the pocket of unbroken phase has
cooled sufficiently. For the equilibrium quark nugget configuration that we discussed in Sec. 2,
the density of baryon number is given by Eq. (2.8) where we estimated nB ' 0.41B3/4. If
the total baryon number is NB then the radius of the quark nugget can be estimated from
NB = nB(4pi/3)R
3
qn, which gives
Rqn '
(
0.02 cm
)( NB
1034
)1/3 [
B
(150 MeV)4
]−1/4
. (3.5)
Comparing with Eq. (3.3), we observe that the radius shrinks by a factor of ∼ 103 as the pocket
of unbroken phase cools and reaches to an equilibrium degenerate Fermi state. The mass of a
12
quark nugget with baryon number NB is given by Eq. (2.12), and we estimate Mqn ' 9.8B1/4NB,
which gives
Mqn '
(
3× 1010 g)( NB
1034
)[
B
(150 MeV)4
]1/4
, (3.6)
or equivalently 1× 10−23 M. For reference, note that the Schwartzchild radius for this mass is
Rs = 2GNM ' 4× 10−16 cm, which makes gravitational effects irrelevant on these scales.
The mass and radius of a quark nugget with baryon number NB are shown in Fig. 3. Note
that an O(10) uncertainty in Ri (discussed above) becomes an O(10) uncertainty in Rqn and an
O(103) uncertainty in Mqn.
3.3 First order quark-hadron phase transition
The Standard Model predicts that the quark-hadron transition at µB = 0 is a continuous
crossover, and lattice simulations infer the approximate temperature to be TQCD ' 164± 2 MeV
[24]. However, it is well-known that the quark-hadron transition would be first order if the num-
ber of light flavors of quarks were greater than or equal to the number of colors, i.e. Nf ≥ Nc [25].
If the electroweak phase transition is supercooled below the scale of quark confinement, ΛQCD,
then there are effectively Nf = 6 light quark species for Nc = 3 QCD, and the quark-hadron
phase transition is predicted to be first order.4
To our knowledge there have not been any lattice studies of a quark-hadron phase transition
with six flavors of massless quarks. Therefore, we will estimate the phase transition temperature,
TQCD, with analytical methods. Based on the chiral Lagrangian, the quark condensate 〈q¯q〉T has
a temperature dependence given by [47]
〈q¯q〉T = 〈0|q¯q|0〉
[
1− N
2
f − 1
Nf
( T 2
12f 2pi
)
− N
2
f − 1
2N2f
( T 2
12f 2pi
)2
+O(T 6)
]
, (3.7)
where 〈0|q¯q|0〉 is the vacuum quark condensate, and fpi is the pion decay constant. We define
the temperature of the quark-hadron phase transition by 〈q¯q〉TQCD = 0, which lets us estimate
TQCD ≈
√
12Nf
N2f − 1
(
1− 1
4N2f
)
fpi . (3.8)
Note that fpi will also depend on Nf in general.
The result in Eq. (3.8) agrees with the observation made in Ref. [24] that increasing the
number of light quarks lowers the phase transition temperature. For Nf = 3 and fpi = 93 MeV
we obtain TQCD ' 190 MeV, which is a reasonably good approximation to the lattice result,
TQCD ' 164 MeV [24], and the two values differ by only ∼ 15%. Using Nf = 6 in Eq. (3.8) gives
TQCD ' 130 MeV
(
fpi
93 MeV
)
, (3.9)
4See also the lattice QCD simulation for the case of Nf = 4 and Nc = 3 QCD in Ref. [46].
13
and we expect an uncertainty of O(15%) like the Nf = 3 case. Note that for Nf = 6 QCD, the
value of fpi may differ from its canonical value.
Note that Eq. (3.7) should not be taken literally. This formula describes a second order
phase transition in which 〈q¯q〉T is continuous across Tc but (d/dT )〈q¯q〉T is discontinuous. We
only use Eq. (3.7) to derive a rough estimate of the phase transition temperature, and not the
order of the phase transition.
3.4 Supercooled electroweak phase transition
The Standard Model predicts that the electroweak phase transition is a continuous crossover
at a temperature of TEW ' 160 GeV [48]. However, it is well-known that the presence of new
physics at the weak scale can dramatically change the nature of the electroweak phase transition,
possibly lowering the transition temperature or even causing it to become a first order phase
transition [49, 50]. Here we are interested in new physics that allows TEW < TQCD ∼ 130 MeV so
that the electroweak symmetry is unbroken at the time of the quark-hadron transition.
Two groups [30, 31] have recently studied models of the electroweak phase transition with
extreme supercooling (see also Ref. [32]). The basic idea is as follows. The Higgs theory is
extended to include an additional scalar field such that the potential has an approximate flat
direction. Specifically, the flat direction runs through the origin where the leading terms in
the potential are quartic. When the system is brought to finite temperature, the thermal mass
corrections stabilize the potential at the origin. Since the thermal mass corrections do not
have to compete against a tachyonic mass parameter (as in the Standard Model), the origin
remains a local minimum to very low temperatures, and the electroweak phase transition can
experience dramatic supercooling. Provided that the electroweak phase transition is supercooled
to TEW < TQCD ∼ 130 MeV, then the quark-hadron phase transition is expected to be first order,
as we discussed in Sec. 3.3.
To be more concrete and provide a proof of principle, we will briefly present a benchmark
model [31]. Let h =
√
2|Φ| denote the Higgs field, and let φ be a new, real scalar field. The scalar
potential is written as a sum of the tree-level contribution and the one-loop Coleman-Weinberg
correction (including the possibility of matter that couples to both the Higgs and the singlet):
V (h, φ) = V0 +
1
4
λh h
4 +
1
4
λmix h
2φ2 +
1
4
λφ φ
4 +
1
4
Bh h
4
(
log
h
v
− 1
4
)
+
1
4
Bφ φ
4
(
log
φ
M
− 1
4
)
+
1
4
Bhφ
(
h2 + κφ2
)2(1
2
log
h2 + κφ2
v2 + κM2
− 1
4
)
. (3.10)
Note that the mass parameters are absent.5 For λmix = −2λhv2/M2 and λφ = λ2mix/(4λh)
5This parameter point is not radiatively stable; the mass parameters are generated by interactions between
the Higgs and new, heavy particles. In other words, a fine-tuning is required to ensure that the mass parameters
vanish. Admittedly, this tuning is no worse than the standard gauge hierarchy (Higgs naturalness) problem, but
arguably it is more reasonable to tune the mass corrections to zero rather than the weak scale. See Ref. [51] for
the possibility of using classical scale invariance to explain the naturalness problem and Ref. [52] for the counter
argument.
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Figure 4: The left panel shows a contour plot of the effective potential as a function of h and
φ. The diagonal direction is an approximately-flat direction. The red point is the location of
the global vacuum with h = 246 GeV and φ = 10 TeV. The right panel shows the effective
potential along the flat direction with φ =
√−2λh/λmix h as a function of the Higgs field.
the tree-level potential has a flat direction along which φ =
√−2λh/λmix h. The term V0 =
BφM
4/16+Bhv
4/16+Bhφ
(
v2+κM2
)2
/16 ensures that the scalar potential has a global minimum
at (h, φ) = (v,M) where V (v,M) = 0.
A benchmark model is specified by the parameter choices:
λh = 0.146 , λφ = 5.34679193376× 10−8 , λmix = −1.7670672× 10−4 ,
M = 10 TeV , v = 246 GeV , κ = 1 ,
Bh = −0.034 , Bφ = −2.057563413747342× 10−5 , Bhφ = 2.056319× 10−5 . (3.11)
The spectrum consists of a heavy scalar boson with mass m ' 125 GeV, which is mostly h, and
a light scalar boson with mass m ' 830 eV, which is mostly φ; the mixing is approximately
tan 2θ ' −0.05. The vacuum energy is V0 ' (100 MeV)4. The effective potential for this model
is shown in Fig. 4.
As one would expect, this parameter point is highly tuned; all of the digits shown in Eq. (3.11)
are needed to obtain the desired solution. For instance, if the last few digits of Bφ or Bhφ are
dropped, then V0 grows above Λ
4
QCD, and if some digits are removed from λφ or λmix then the
vacuum shifts away from (h, φ) = (v,M). The parameters are chosen in this way to ensure that
V0 < T
4
QCD, which avoid potential problems with reheating; see the discussion in Sec. 3.1. Since
the “natural” value of V0 is BφM
4/16 ∼ (300 GeV)4, the required degree of tuning is very high.
15
Explanations for such a fine-tuning may rely on the underlying origin of the φ field, either a
dilaton or radion, from some spontaneous symmetry breaking of conformal field theory.
3.5 Baryon number accumulates in the quark nuggets
Let us now estimate the relative densities of baryon number in the quark and hadronic phases
during the phase transition following Ref. [3]. Provided that the wall expands sufficiently slowly,
the system can reach thermal and chemical equilibrium at the bubble wall. Thermal equilibrium
implies that both phases have a common temperature, denoted TQCD. Chemical equilibrium
implies that the baryon-number chemical potentials in the hadronic and quark phases are equal,
µ
(h)
B = µ
(q)
B . Just after the phase transition we have µB/TQCD  1 in both phases, which lets us
write nB = (µB/TQCD)〈Q2B〉0 where 〈Q2B〉0 is the thermal average of the squared baryon-number
charge operator at µ = 0. Therefore the ratio of the baryon number in the two phases is6
r ≡ n
(h)
B
n
(q)
B
=
〈Q2B〉(h)0
〈Q2B〉(q)0
. (3.12)
Next we evaluate 〈Q2B〉0 in the two phases.
In the quark phase, 〈Q2B〉(q)0 receives contributions from the six flavors of massless quarks,
which each have baryon number 1/3. Summing over two spin, two antiparticles, and three colors
we find
〈Q2B〉(q)0 ≈ 6× 2× 2× 3×
(
1
3
)2 ∫
d3p
(2pi)3
1
e|p|/TQCD + 1
=
6 ζ(3)
pi2
T 3QCD . (3.13)
In the hadronic phase it is more subtle to count the degrees of freedom. The quark condensate
induces a tadpole for the Higgs field that leads to a QCD-scale Higgs condensate, |〈Φ〉| ∼ vQCD ∼
100 MeV. Since an electroweak-scale Higgs condensate is not present to lift the heavy quark
masses, the spectrum contains six flavors of quasi-degenerate, light quarks that confine to form
Nbary = 70 quasi-degenerate baryons (QB = ±1) with mass mB. However eventually the Higgs
field reaches its zero-temperature value, |〈Φ〉| ∼ vEW = 246 GeV, and there are only Nbary = 2
light baryons, corresponding to the neutron and proton. Rather than studying the dynamical
evolution of the Higgs condensate, we will instead treat Nbary as a free parameter. With this
spectrum the squared charge operator is
〈Q2B〉(h)0 ≈ Nbary × 2× 2×
(
1
)2 ∫ d3p
(2pi)3
1
e(mB+|p|2/2mB)/TQCD + 1
≈ 4Nbary
(
mBTQCD
2pi
)3/2
exp
[−mB/TQCD] , (3.14)
6In the quark phase, baryon number and lepton number are not separately conserved. Equating the chemical
potentials for the three conserved charges, B/3 − Li, gives a ratio r in Eq. (3.12) that is smaller by a factor of
5/9. We neglect this O(1) numerical factor in the following analysis.
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where the approximation is most reliable in the regime mB  TQCD. Using these formulas, the
baryon-number ratio is found to be
r ≈ Nbary
√
2pi
6 ζ(3)
( mB
TQCD
)3/2
exp
[−mB/TQCD] , (3.15)
which only depends on the ratio of baryon mass to phase transition temperature, mB/TQCD, and
the number of light baryons in the hadronic phase, Nbary.
To evaluate r we must first determine the ratio mB/TQCD for Nf = 6 flavors of light quarks.
The temperature is inferred from Eq. (3.9), which gives TQCD ' 1.4fpi for Nf = 6. The
baryon mass mB has been measured on the lattice in a theory of QCD with Nf = 6 to ob-
tain mB/fpi ' 11 ± 1 [53, 54]. Using the ratio mB/TQCD ' 11/1.4 ' 7.8 and Nbary = 70
we obtain r ' 0.22. For comparison, a model with three flavors of light quarks would have
mB/TQCD ' 938 MeV/164 MeV ' 5.7 instead and we obtain r ' 0.03 with Nbary = 2.
3.6 6FQM nugget relic abundance
The localized nuggets of quark matter may survive in the universe today and thereby provide
a candidate for dark matter. In this section we calculate the relic abundance of quark matter
assuming that they are cosmologically stable, and we discuss the issue of stability further in
Sec. 4. Since the cosmological production of quark matter requires the baryon asymmetry of
the universe to be nonzero at the QCD phase transition, it is therefore natural to ask whether
this model of dark matter can also explain the relative abundances of dark matter and baryons,
which takes the value ΩDM/Ωb ' 5.3 in the universe today [55].
In this section, we calculate the quantity Ωqn/Ωb. Let ρqn(t) be the cosmological energy
density of the quark nuggets at time t after the QCD phase transition, and let ρb(t) be the
energy density of free baryons (not bound in quark matter) at time t. We are interested in
Ωqn
Ωb
=
ρqn(t0)
ρb(t0)
, (3.16)
where t0 is the age of the universe today. Both the quark nuggets and the free baryons are
non-relativistic today, and we can write
ρqn(t0) = Mqn nqn(t0) , and ρb(t0) = mp nb(t0) , (3.17)
where Mqn is the mass of a quark nugget given by Eq. (2.12), nqn(t) is the cosmological density
of quark nuggets at time t, mp is the proton mass, and nb(t) is the cosmological density of free
baryon number at time t. (As a simplifying approximation we assume that all quark nuggets
have the same mass.) Assuming that the quark nuggets are cosmologically stable and that
baryon number is conserved after the QCD epoch, we can write
nqn(t0)
nb(t0)
=
nqn(tQCD)
nb(tQCD)
. (3.18)
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The variable nb(tQCD) is precisely the quantity that we denoted as n
(h)
B (tQCD) in Sec. 3.5. Recall
from Eq. (3.12) that n
(h)
B = r n
(q)
B where a formula for r appears in Eq. (3.15). The variable
n
(q)
B (tQCD) is just the number density of baryon number inside of a quark nugget at the end of
the QCD phase transition. We can write n
(q)
B (tQCD) = NB(tQCD)/Vqn(tQCD) where NB(t) is the
total baryon number in the quark nugget at time t, and Vqn(t) the quark nugget’s volume. To
summarize the calculation, we have derived
Ωqn
Ωb
=
Mqn
NB(tQCD)
1
rmp
[
nqn(tQCD)Vqn(tQCD)
]
, (3.19)
where Mqn and r are given by Eqs. (2.12) and (3.15). The product nqnVqn measures the number
density of quark nuggets in the Hubble volume at the QCD epoch, multiplied by the volume of
a given quark nugget; this product can be also interpreted as the fraction of space occupied by
the quark nuggets at the end of QCD phase transition. This product is anticipated to be order
one and must be ≤ 1, since quark nuggets do not overlap. Assuming that NB(t) is the same
at the end of the QCD phase transition and at the time when equilibrium (pressure balance) is
reached, then the factors of NB cancel out in the ratio Mqn/NB(tQCD), and we finally obtain
Ωqn
Ωb
' (7.2)( B1/4
150 MeV
)(
Nbary
70
)−1 (mB/TQCD
7.8
)3/2
e−(mB/TQCD−7.8)
[
nqn(tQCD)Vqn(tQCD)
]
.
(3.20)
The quark nugget-to-baryon ratio is shown in Fig. 5 as a function of the ratio mB/TQCD.
Recall that mB, the baryon mass in the hadronic phase at tQCD, can differ from the usual proton
mass scale, because the Higgs condensate may not yet have reached its zero-temperature value.
At the end of Sec. 3.5 we estimated mB/TQCD ' 7.8 by adapting results from chiral perturbation
theory and lattice studies, but we expect at least an O(10%) uncertainty in these estimates. For
the expected number of light baryons, Nbary = 70, it is remarkable and encouraging that the
predicted relic abundance of six-flavor quark matter nuggets falls within an O(1) factor of the
measured dark matter relic abundance, ΩDM/Ωb ' 5.3. Going forward, more work needs to be
done to reduce the large uncertainties in the calculation, particularly to more carefully estimate
the values of Nbary and (nqnVqn).
4 Stability
To investigate whether the quark matter phase is stable, we compare its energy against the
energy of a system in the hadronic phase with equal values for the conserved charges (electro-
magnetic charge, B, and L). In the hadronic phase at T = 0, the lowest energy charge-neutral
configuration would consist of nB protons, nB electrons, and nB − nL antineutrinos at rest. The
energy density of this configuration is mpnB + menB + mν(nB − nL) where mp ' 938 MeV is
the proton mass, me ' 0.511 MeV is the electron mass, and mν < 1 eV is the neutrino mass
scale. Since nB and nL are comparable in magnitude [see below Eq. (2.8)], the energy density is
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Figure 5: The relic abundance of 6FQM nuggets as a function of the baryon mass mB and the
QCD phase transition temperature TQCD. In Sec. 3.5 we estimate mB/TQCD ' 7.8, and we show
the ±15% error bands. We fix the differential vacuum pressure to be B ' (150 MeV)4, which
matches the usual QCD bag parameter. The number of light baryons in the hadronic phase at
tQCD depends on the value of the Higgs condensate at that time; the value of Nbary varies from
10 (top) to 70 (bottom).
dominated by the first term, mpnB. Therefore we can define the stability parameter
S ≡ ρ
mp nB
' 9.8B
1/4
mp
, (4.1)
which is the binding energy of six-flavor quark matter per unit baryon number per unit proton
mass. A value S < 1 ensures that the quark matter phase is stable.
To evaluate S we need a value for the differential vacuum pressure, B. In general B receives
contributions from both the quark condensate (〈q¯q〉 6= 0) and the Higgs condensate (〈Φ〉 6= 0),
and we can write B = Bq¯q +BΦ where both terms are positive. We have discussed a model for
the electroweak phase transition in Sec. 3.4 where we have seen that BΦ < Bq¯q is possible with
sufficient tuning. Therefore we neglect BΦ and approximate B ≈ Bq¯q. For three-flavor QCD the
parameter Bq¯q = Bq¯q,3 is identified with the bag parameter of the MIT bag model, and its value
is determined from measurements of the spectrum of light hadrons to be Bq¯q,3 ' (150 MeV)4
[56]. Although it is not clear that Bq¯q,3 will be the same for six-flavor quark matter, this value
represents a useful benchmark, which gives S = 1.57(B1/4/150 MeV). The value S > 1 implies
that the six-flavor quark matter is unstable; the system could lower its energy by fragmenting
into free nuclei and leptons. For comparison, one obtains S ' 0.91(B1/4/150 MeV) for three-
flavor quark matter where ρ = 4B and nB ' 0.7B3/4 [43].
19
4.1 Six-flavor quark matter is metastable: lifetime estimate
Although S > 1 for six-flavor quark matter with B = (150 MeV)4, we now argue that the quark
matter is metastable and long lived. As with the α-decay of some heavy nuclei, we expect that
the quark matter decay will be mediated by a (thermal) “tunneling” process with a suppressed
rate. Instead of the Coulomb barrier for α-decays, the phase boundary could also provide a
potential barrier to reduce the emission rate of a baryon from the quark matter. For the α-
decay case, the α particle separation distance from the bulk nucleus is used to derive an effective
potential. Similarly, we will use the energy of the quark matter as a function of the radius to
model the effective potential.
The energy density of the quark matter is given by Eq. (2.9), which can be written as
ρ = (1245/8pi2)µ4 +B, and the chemical potential is given by µ = (pi2nB/14)
1/3 from Eq. (2.6).
Now consider a spherical region of quark matter with radius R and total baryon number NB.
The energy of this system is
E(R) = ρV =
[
1245
8pi2
(
pi2
14
)4/3(
4
3
pi
)−1/3
N
4/3
B
]
1
R
+
[
4
3
piB
]
R3 . (4.2)
For fixed values of NB and B, the energy has a minimum at
Emin ' 9.8NBB1/4 and Rmin ' 0.84N1/3B B−1/4 . (4.3)
Note that Emin/(4piR
3
min/3) = 4B in agreement with Eq. (2.8).
When we interpret the energy of the quark matter region as a function of R we find that it
has a single, local minimum at R = Rmin as shown in Fig. 6. For larger values of R the energy
grows like E(R) ∼ R3, but we expect that this calculation breaks down for R > Rc where
µ < µc, and it becomes energetically preferable for the system to pass into the hadronic phase.
From dimensional analysis we expect
Rc = η Rmin , (4.4)
where η > 1 is an order one number. The value of η controls the height of a potential energy
barrier that separates the quark matter phase at R = Rmin from the free hadronic phase at
R > Rc. The barrier height is expressed as ∆E ≡ [E(Rc)−E(Rmin)]/NB ' 2.4(3/η−4+η3)B1/4.
For the 3FQM, a region of quark matter with baryon number NB + 1 can have a neutrino-
induced decay into quark matter with baryon number NB plus a free neutron. For the 6FQM,
the quark nugget is a meta-stable state and has an energy per baryon larger than a free nucleon.
So, it can emit baryons just through thermal activation. The presence of a potential energy
barrier at Rc implies that an energy injection of ∆E is needed in order to kick quarks out of the
quark matter to form a free hadron. Following Ref. [5], the rate is estimated as
Γ[(NB + 1)→ NB + n] ≈ 1
2pi2
mn T
2 e−∆E/T fn σ0N
2/3
B , (4.5)
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Figure 6: A spherical region of quark matter with radius R, baryon number NB, and differential
pressure B has an energy E given by Eq. (4.2). The local equilibrium at Rmin ' 0.84N1/3B−LB−1/4
is unstable toward a tunneling into free hadronic matter where E ≈ mpNB. The barrier height
depends on the critical radius Rc = ηRmin where the calculation breaks down.
where mn ' 940 MeV is the neutron mass, fn . 1 is the neutron absorption efficiency, and the
geometric cross section of the quark matter is σ = 4piR2min, which we write as σ = σ0N
2/3
B , which
defines σ0, and Eq. (4.3) gives σ0 ' (4× 10−4 MeV−2)[B/(150 MeV)4]−1/2.
The quark matter is metastable provided that its lifetime is longer than the age of the
universe. The neutron emission rate in Eq. (4.5) causes NB to decrease according to dNB/dt =
−Γ. Therefore a region of quark matter with initial baryon number NB has a lifetime
τ(NB) =
6pi2
mn T 2 e−∆E/T fn σ0
N
1/3
B . (4.6)
In the radiation dominated era, the age of the universe is t = 1/(2H) whereH =
√
pi2g∗/90 T 2/Mpl
is the Hubble expansion rate, Mpl ' 2.43×1018 GeV is the reduced Planck mass, and g∗ ' 20 is
the approximate effective number of relativistic species just after the QCD transition. Requiring
τ > t gives a lower bound on the baryon number
NB >
53 32 833/2
29 72 pi7
f 3nm
3
nM
3
pl
g
3/2
∗ B3/2
exp
[−3∆E/T ]
' (1× 1030)(fn
1
)3 ( g∗
20
)−3/2 [ B
(150 MeV)4
]−3/2
exp
[−3(∆E/T − 20)] . (4.7)
Eq. (4.7) reveals that a region of quark matter with sufficiently large NB can be metastable.
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In the above estimates, the possible important reabsorption of emitted hadrons has been
ignored. This effect depends on the effective binding energy of hadrons in a thin surface layer
and can make the lifetime of the quark matter a few orders of magnitude longer [7]. Finally,
there is also another possible evaporation of quark matter via the “boiling” effect, for which
hadronic gas can be formed inside the bulk of the quark matter. Depending on the surface
tension of the quark matter and the size of the hadronic gas bubbles, those bubbles could grow
and convert the quark matter into nucleons [12]. For three-flavor quark matter, the boiling effect
was studied in more detail in Refs. [16, 17] using Walecka’s mean-field theory for an interacting
hadronic gas, and it was argued that the boiling effect is not sufficient to evaporate the quark
matter. While we expect these arguments to carry over for six-flavor quark matter, it would
be useful to revisit this work with a more careful calculation of the barrier height and thermal
activation rate for the decay of 6FQM phase into hadronic phase.
4.2 Six-flavor quark matter survives at T = TQCD
The previous stability argument assumes that T  ∆E in the hadronic phase outside of the
quark matter. One may worry that the quark matter is destabilized already at temperatures
TQCD ∼ ΛQCD just after the QCD phase transition, and we now argue that this is not the case.
During the QCD phase transition, the quark condensate develops in the hadronic phase,
which induces a vacuum expectation value for the Higgs field |〈Φ〉| = vQCD ∼ ΛQCD. The expec-
tation value does not grow out to vEW ' 246 GeV until the temperature has decreased further.
Therefore, all of the quark species are light in the hadronic phase at TQCD ∼ ΛQCD, and the hadron
mass spectrum is altered accordingly. To know whether the quark matter is in the lowest energy
per baryon state or not, we need to know the vacuum pressure B and baryon mass mB for
six-flavor QCD.
The vacuum pressure is related to the QCD vacuum energy, which is given by
B ≡ −〈Θµµ〉 ≈ −
〈
β(α)
4α
GaµνG
aµν
〉
, (4.8)
where the gluon condensation only contains the true non-perturbative contribution after sub-
tracting the perturbative contribution. (Here, we have ignored the quark-mass operator con-
tribution to the vacuum energy, which is negligible compared to the gluon condensation.) To
calculate the precise value of B, one need to rely on a non-perturbative method such as lattice
QCD. For the chiral symmetry breaking, the quark-anti-quark condensation is related to the
pseudo-Nambu-Goldstone Boson, pion, mass as m2pi f
2
pi ' 2mq〈q¯q〉 via the partially conserved
axial current formula. Similarly for the gluon condensation and if the conformal symmetry is a
good symmetry, a light dilaton, 0++, may also exist with its mass related to the condensation
via the partially conserved dilatation current formula, m2σf
2
σ ' −4 〈Θµµ〉 = 4B [57–59]. Here, mσ
and fσ are the mass and decay constant of the potential dilaton state, respectively. Therefore,
we can re-express the ratio of the vacuum energy scale over the baryon mass as
B1/4
mB
' m
1/2
σ f
1/2
σ
21/2mB
. (4.9)
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For Nf = 3 of the ordinary QCD vacuum case, there is no clear light 0
++ mode. [The
f0(500 MeV) state has a very broad width, comparable to its mass.] As the number of massless
flavors increases, the SU(3) gauge theory becomes more and more conformal in the infrared
scale. At the transition of the critical number of flavors N cf , a light dilaton much below the
confinement scale is likely to exist. For Nf = 8, lattice simulations from two groups [54, 60–62]
have shown clear evidence for a light 0++ with a mass comparable to the pion. The current
simulation results have a large error on the dilaton mass for the chiral limit of mpi → 0. Even
though we do not have a precise calculation for the dilaton mass in the chiral limit for Nf = 8
and Nf = 6, the parametrical dependence of the ratio B
1/4/mB as a function of Nf should scale
as
B
1/4
Nf
mBNf
∝ N
c
f −Nf
N cf
, (4.10)
when Nf is close to N
c
f , i.e. the conformal window. The critical number of flavors, N
c
f , is close
to but slightly above 8 [63]. Choosing N cf ≈ 8, we have an estimation of the bag parameter for
the six-flavor case as
B
1/4
6
mB6
∼ 0.4× B
1/4
3
mB3
≈ 0.064 . (4.11)
Substituting the above ratio into Eq. (4.1), we estimate the stability parameter as
S = E
six/NB
mB6
∼ 0.6 . (4.12)
A value S < 1 means that at high temperature before the Higgs field rolls to its 246 GeV
vacuum, the quark matter is likely to have a lower energy than a free baryon in the hadronic
phase.
5 Phenomenology and Signatures
In this section we suppose that dark matter is composed of 6FQM nuggets, we highlight various
aspects of the phenomenology, and we discuss possible signatures.
5.1 Stochastic gravitational wave background
A first order cosmological phase transition produces gravitational waves from the collisions of
bubbles and the interactions of bubbles with the cosmological medium. In this section we discuss
the gravitational wave signal that arises from a first order QCD phase transition in the scenario
that we have described above [3].
The gravitational wave spectrum peaks at a frequency fgw(t) at time t, and it falls off
like a power law at higher and lower frequencies. The peak frequency is controlled by the
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size of the bubbles when they collide, and we recall from Eq. (3.3) that the initial bubble
radius is estimated as Ri = O(10 cm). Let λgw(tQCD) be the length scale of the gravitational
waves at the time of the QCD phase transition, and we estimate λgw(tQCD) ∼ Ri. Assuming
that the universe expands and cools adiabatically, the gravitational wave frequency redshifts
as fgw(t0) = fgw(tQCD)[a(t0)/a(tQCD)]
−1 with a(t0)/a(tQCD) = (TQCD/T0) [g∗S(tQCD)/g∗S(t0)]1/3 and
T0 ' 0.234 meV and g∗S(t0) ' 3.91. The frequency of these gravitational waves today is
fgw(t0) '
(
2.0× 10−2 Hz)( TQCD
130 MeV
)−1 [
g∗S(tQCD)
20
]−1/3(
Ri
10 cm
)−1
. (5.1)
Here g∗(tQCD) represents the number of effective, relativistic degrees of freedom in the plasma, just
after the QCD phase transition is completed. This estimate implies that the gravitational wave
spectrum will peak at a frequency where the LISA space-based gravitational wave interferometer
experiment is sensitive: f ∼ 10−5 − 10−1 Hz [64].
Unlike the peak frequency, the amplitude of the gravitational wave spectrum depends sensi-
tively on the latent heat of the phase transition and the interaction of the bubble with the plasma,
which together determine the efficiency of converting the wall’s kinetic energy into plasma ki-
netic energy and gravitational waves [64]. The latent heat is parametrized by α ≡ B/ρrad where
B is the differential vacuum energy and ρrad is the radiation energy density at the phase tran-
sition. It is customary to distinguish two regimes. If the latent heat of the phase transition is
large compared to the plasma energy density, then the bubble may enter the runaway regime
where it expands as if it is in vacuum and the wall velocity accelerates toward the speed of light.
Alternatively, if the latent heat is small, then the bubble is in the non-runaway regime where
an effective friction slows the motion of the wall, which reaches a (possibly relativistic) terminal
velocity. For the scenario under study in this article, we expect that the first order phase tran-
sition will be in the non-runaway regime. This is because we have required the vacuum energy
to be small to avoid problems with reheating (see the discussion in Sec. 3.1), and because the
bubble walls interact strongly with the plasma. Since earlier studies of gravitational waves from
a first order phase transition at the QCD epoch have assumed a runaway [31, 65–70], those
results are not directly applicable to our model.
Therefore we would argue that a more careful calculation of the gravitational wave signal
from a first order, non-runaway QCD phase transition is warranted. Since the fluid motions
are expected to play an important role in the dynamics and gravitational wave generation, a
hydrodynamic lattice simulation — such as the one presented in Ref. [71] — may be suitable.
5.2 Gravitational lensing and seismic data
The standard way to search for MACHO dark matter is with gravitational lensing. For the
planetary size objects, the EROS and MACHO collaborations have excluded the possibility of
MACHOs as making up all of the dark matter for a wide range of masses from 0.6× 10−7 M
to 15 M [72]. For lighter MACHO masses from 10−13 − 10−6 M, the Subaru Hyper Suprime-
Cam (Subaru/HSC) has set stringent constraints by a 7 hour-long observation of the Andromeda
galaxy [73]. For even lighter masses, femtolensing [74] constrains the mass range from 10−16 to
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Figure 7: The preferred mass range of 6FQM together the existing searches for MACHO from
microlensing of EROS and MACHO [72] and Subaru/HSC [73] and Femtolensing using Fermi
Gamma-ray Burst Monitor (GBM) [75]. Also shown are the constraint from Mica [76] and the
tentative limits from moon seismic data [77, 78].
10−13 M [75] with measurements of gamma-ray burst energy spectra. We summarize the
existing experimental constraints in Fig. 7, and we also show the preferred mass range for
6FQM based on the estimates in Eq. (3.6). The predicted 6FQM mass range falls a few orders
of magnitude below the smallest masses that are currently probed by lensing measurements.
The 6FQM mass window presents a new target for gravitational lensing probes of macroscopic
dark matter candidates. The existing femtolensing analysis [75] used data from the Fermi
Gamma-ray Burst Monitor (Fermi-GBM) to look for the effect of lensing on the spectra of
gamma ray bursts at energies Eγ = O(100 keV). The Fermi Large Area Telescope (Fermi-
LAT) instrument has observed more gamma-ray bursts with good statistics at higher energies,
Eγ = O(10 MeV) [79, 80]. Since the femtolensing interference effect roughly needs Eγ GNM ∼ 1,
using higher-energy gamma-rays can extend the sensitivity to smaller masses. It would be
interesting to adapt the analysis of Ref. [75] for gamma ray bursts observed by Fermi-LAT; such
a study could test the macroscopic dark matter candidates that we have proposed here.
Lower-mass dark matter candidates are out of the reach of gravitational lensing measure-
ments, but they can perhaps be probed with seismic data. The gray region of Fig. 7 shows pos-
sible constraints from Earth and moon seismic data [76, 77] in the mass range 10−29−10−26 M.
As the quark nugget hits the Earth or moon, it may generate a distinctive linear morphology of
seismic events. Noticing the mismatch of the small-MACHO size and the long and unattenuated
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wave-length modes, the updated analysis in Ref. [78] has found no limits for the MACHO with
a nuclear density. So, the gray region in Fig. 7 should be taken as a possible-future limit from
seismic data. In the dark brown region for the mass region from 10−43 to 10−33 M, the search
for magnetic monopoles by examining ancient mica for etchable trails of lattice defects [81] has
also been used to place constraints on quark nuggets [76] (see Ref. [82] for a recent review about
MACHO searches).
5.3 Capture by compact stars and self-collision
If a quark nugget is incident upon a star, such as a neutron star or a white dwarf, the quark
nugget will very likely be captured. In this section we estimate the capture rate, and we discuss
the corresponding signal. Similarly, we consider the collision of two quark nuggets with each
other, and we estimate the possible radiation.
Consider a star with mass Ms and radius Rs. The typical values for neutron stars are
Ms ∼ (2 − 5) M and Rs ∼ (5 − 15) km, and for a white dwarf star these values are closer
to Ms ∼ (0.2 − 1.4) M and Rs ∼ (0.005 − 0.02) R [83]. The effective gravitational cross
section area is Aeff = (1 + Θ)Ageo where Ageo = piR
2
s is the geometrical cross section area. The
gravitational enhancement factor, called the Safronov number, is given by Θ = v2esc/v
2
rel where
vesc =
√
2GNMs/Rs is the escape velocity at the surface of the star, and vrel is the relative
velocity of the dark matter and the star. The Safronov number can be as large as Θ ∼ 106
for a neutron star and as large as 102 for a white dwarf. We assume that every quark nugget
that falls within the effective gravitational area is captured. The flux of dark matter is given
by Fdm = ndmvrel where ndm is the number density of dark matter in the Milky Way halo.
Since quark nugger dark matter is non-relativistic we can write ndm = ρdm/(Mqnc
2) where
ρdm ' 0.4 GeV/cm3 is the approximate energy density of dark matter in the halo, and Mqn is
the mass of a quark nugget. Let Ns denote the number of compact stars in the Milky Way; rough
estimates for neutron stars and white dwarf stars are Ns ∼ 109 and Ns ∼ 1011, respectively [83].
To consider the self-collision of quark nuggets, we estimate the number of nuggets in the Milky
Way to be Nqn = Mmw/Mqn ∼ 1035 for Mmw ∼ 1012 M and Mqn ∼ 1010 g. Then the average
rate at which quark nuggets are captured by stars in the Milky Way or collide with one another
is estimated as Γcap ≈ NFdmAeff where N = Ns for stars and Nqn for nuggets. Using the fiducial
parameters for neutron stars, white dwarf stars and quark nuggets, we estimate the capture rates
as
Γcap
∣∣
ns
' (2× 108 yr−1)(Ns
109
)(
Rs
10 km
)(
Ms
3 M
)(
Mqn
1010 g
)−1
, (5.2a)
Γcap
∣∣
wd
' (2× 1012 yr−1)( Ns
1011
)(
Rs
0.01 R
)(
Ms
0.5 M
)(
Mqn
1010 g
)−1
, (5.2b)
Γcap
∣∣
qn
' (2× 1013 yr−1)( Rqn
0.02 cm
)2(
Mqn
1010 g
)−2
, (5.2c)
where we have taken vrel = vvir ' 300 km/sec. Note that 1010 g ≈ 5.0× 10−24 M. On average,
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the separation distance from one capture event to another is around 10 pc for neutron stars and
1 pc for white dwarfs and quark nuggets in our galaxy.
When the quark nugget reaches the surface of the star, it acquires a kinetic energy Ekin ≈
Mqnv
2
esc/2 where vesc is the escape velocity at the surface of the star. If this energy is liberated
as electromagnetic radiation over at time interval ∆t, then it corresponds to a power output
P = fradEkin/∆t with frad as the fraction of kinetic energy into radiation energy. For the fiducial
neutron star and white dwarf parameters, this evaluates to approximately
P
∣∣
ns
' (1× 10−6 L)( frad
10−2
)(
Mqn
1010 g
)(
Rs
10 km
)−1(
Ms
3 M
)(
∆t
10 sec
)−1
, (5.3a)
P
∣∣
wd
' (2× 10−10 L)( frad
10−2
)(
Mqn
1010 g
)(
Rs
0.01 R
)−1(
Ms
0.5 M
)(
∆t
10 sec
)−1
, (5.3b)
P
∣∣
qn
' (1× 10−12 L)( frad
10−2
)(
Rqn
0.02 cm
)−1(
Mqn
1010 g
)2(
∆t
10 sec
)−1
. (5.3c)
where we have used L ' 3.83 × 1026 W. Here, we have chosen frad = 10−2, as the situation
for a binary neutron star merger [84].
If the quark nugget collides with a white dwarf star, its velocity remains non-relativistic
since β = vesc/c ∼ 10−2. The deposited kinetic energy will be absorbed by the white dwarf and
eventually re-emitted as blackbody radiation. Since a white dwarf’s average power output is
around Pwd ∼ 10−5 − 10−2 L, the additional emission that we estimate in Eq. (5.3) is much
smaller, and we conclude that QN-WD collisions would be challenging to observe. On the other
hand, a quark nugget would collide with a neutron star at nearly the speed of light, and the
observational signature may be similar to the kilonova that results from a binary neutron star
merger, although much dimmer. Using GW170817 and GRB 170817A [85–87] as a reference
example, we compare the energy deposited in a QN-NS collision with the radiation energy from
a binary neutron star merger, finding that the former is smaller by a factor of 10−24. Since the
kilonova occurred at a distance of 40 Mpc, possibly a nearby QN-NS collision could be brighter,
but even if such a collision were to occur only 10 pc from the Earth, the radiation signal would
still be 11 orders of magnitude dimmer than the kilonova and unlikely to be detectable.
For the self-collision of quark nuggets, the collision events can happen at a location away
from the galactic plane. Therefore, one could search for transient sources at high latitude. For a
source at a distance of 1 pc from the Earth, the power per unit area is around 4× 10−20 W/m2.
Assuming a telescope angular resolution of 1◦×1◦ = (pi/180)2 sr and assuming a mono-energetic
spectrum, the frequency weighted spectral intensity is νIν ≈ 1× 10−16 W/(m2 · sr), which is two
or three orders of magnitude below the cosmic gamma-ray background [88]. If the collision
events happen in a nearby location or within our solar system, the generated transient radiation
signal could be detected by some radio, X-ray or gamma-ray telescopes.
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6 Discussion and Conclusions
In this article we have studied an exotic form of Standard Model matter, called six-flavor quark
matter. This new kind of matter can be formed through cosmological dynamics and exist in the
universe today as nuggets, which are a candidate for dark matter. Our work is a natural extension
of Witten’s original work on three-flavor quark matter [3], which assumed that Standard Model
physics gives a first-order QCD phase transition (at µB ≈ 0), and our work also builds upon
several recent articles that study how beyond-the-SM physics can lead to a first order QCD
phase transition [30–32]. If a first-order quark-hadron phase transition occurs in the phase
of unbroken electroweak symmetry (vanishing Higgs VEV), then our work demonstrates that
nuggets of six-flavor quark matter will form.
The properties of these 6FQM quark nuggets are summarized in Fig. 3, which shows typical
masses and radii of Mqn ∼ 107 − 1013 g and Rqn ∼ 10−3 − 10−1 cm. We estimate the relic
abundance of 6FQM nuggets, and the results are presented in Fig. 5, which shows that these
macroscopic dark matter candidate naturally explain the ratio ΩDM/Ωb ∼ 5. Due to the compli-
cated nature of the first order QCD phase transition, it is challenging to make robust estimations,
and whenever possible we have tried to be generous in our error estimates. In particular, the
largest uncertainties in our calculations arise from estimating the hadronic-phase bubble nucle-
ation rate, which affects the size and mass of the quarks nuggets through Eqs. (3.2) and (3.3);
estimating the baryon-number ratio in the quark and hadronic phases, which affects the quark
matter relic abundance through Eqs. (3.15) and (3.20); and estimating the thermal activation
barrier height, which affects the quark nugget lifetime through Eqs. (4.6) and (4.7).
There are several directions in which our work could be further developed. Most notably, the
formation of 6FQM nuggets requires the electroweak phase transition to be supercooled below the
temperature of the QCD phase transition. Whereas we have presented a model that concretely
implements this requirement in Sec. 3.4, the model is admittedly very tuned, and it would be
useful to explore different implementations, perhaps in models that exhibit approximate scale
invariance or shift-symmetric potentials. Similarly, such a scenario requires new physics coupled
to the Higgs boson that may be testable at high-energy collider experiments. One may also want
to consider whether heavy-ion colliders, which reach temperatures of T ∼ 200 MeV, may be
able to produce the 6FQM phase, but the possibility seems remote since the c, b, and t quarks
are heavy today. Finally, it would be interesting to go beyond QCD quark nuggets to consider a
confining hidden-sector with a first-order phase transition, providing a macroscopic dark matter
candidate.
In conclusion, 6FQM nuggets provide an interesting candidate for dark matter with a unique
set of observational signatures. Since observations do not currently constrain the presence
of macroscopic dark matter in the 6FQM nugget mass window, one should view these dark
matter candidates as a target for the next generation of gravitational, seismic, or astrophysical
observations.
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A Higgs field profile around the 6FQM nuggets
The Higgs field vanishes inside of the 6FQM nugget, |〈Φ〉| = 0, and it takes a nonzero value
in the hadronic phase outside, |〈Φ〉| = vEW. One can calculate the profile of the Higgs field at
the phase boundary from the effective potential, which sums the vacuum potential energy with
the matter-induced energy. A similar calculation for Lee-Wick matter appears in Refs. [89, 90].
The matter-induced potential is dominated by the top quark contribution, which has the largest
Yukawa coupling yt ≈ 1, and the effective potential is calculated as
Veff(h) = V (h) + 6
∫
F
d3p
(2pi)3
√
p2 +
1
2
y2t h
2 . (A.1)
For degenerate Fermi matter, the momentum integral is cut off at the Fermi momentum, |p| ≤
µF . Here, the V (h) is taken to be the effective potential of V (h, φ) in Eq. (3.10) along the flat
direction φ =
√−2λh/λmix h. We show the effective potential in Fig. 8 as a function of the
Higgs field for a few values of µF .
In a low-density region where µF is small, the energetically-preferred Higgs field value is the
VEV h = 246 GeV, but in a high-density region where µF is larger, it is h = 0 that minimizes
Veff and electroweak symmetry restoration is preferred. For the benchmark model parameter
point in Eq. (3.11), the transition value is around, µcF = 18.4 MeV. Since µ ≈ 100 MeV for
6FQM [see Eq. (2.8)], the electroweak symmetry stays unbroken inside the 6FQM nugget, even
though the outside world has vEW = 246 GeV. At the phase boundary, the Higgs field profile is
anticipated to vary (abruptly) from 0 inside to vEW on a length scale that is small compared to
the nugget’s radius Rqn.
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